In the last seven years, optoelectronic tweezers using optically-induced dielectrophoretic (ODEP) force have been explored experimentally with much success in manipulating micro/nano objects. However, not much has been done in terms of in-depth understanding of the ODEP-based manipulation process or optimizing the input physical parameters to maximize ODEP force. We present our work on analyzing two significant influencing factors in generating ODEP force on a-Si:H based ODEP chips: (1) the waveforms of the AC electric potential across the fluidic medium in an ODEP chip based microfluidic platform; and (2) optical spectrum of the light image projected onto the ODEP chip. Theoretical and simulation results indicate that when square waves are used as the AC electric potential instead of sine waves, ODEP force can double. Moreover, numerical results show that ODEP force increases with increasing optical frequency of the projected light on an ODEP chip following the Fermi-Dirac function, validating that the optically-induced dielectrophoresis force depends strongly on the electron-hole carrier generation phenomena in optoelectronic materials. Qualitative experimental results that validate the numerical results are also presented in this paper.
Introduction
Chiou et al. [1] reported a novel manipulation tool in 2005 which they called optoelectronic tweezers (OET), and which combines the advantages of optical tweezers (i.e., laser-based tweezers) [2] and dielectrophoresis (DEP) [3] , as well as using ~100,000 times less optical power than laser-based optical tweezers. This considerably reduced the optical power requirement which is a significant advantage in terms of avoiding damage to live cells during bio-manipulation processes [1] . OET devices are based on optically-induced DEP force (ODEP), which is induced by illuminated optical images onto an hydrogenated amorphous silicon (a-Si:H) surface, i.e., the a-Si:H is used as the photoconductive material that converts visible light into a localized conduction area (matching an illuminated optical image) on a substrate's surface. Such devices have recently been demonstrated to enable massively parallel manipulation, concentration, transportation, and separation of micro/nano entities by the virtual electrodes induced by the incident light with any desired geometric pattern. Examples of ODEP-based applications include manipulation of single cells [1] , cell counting and lysis [4] , microparticle counting and sorting [5] , manipulation of single DNA molecules [6] , parallel trapping of single multiwall carbon nanotubes (CNTs) [7] , manipulation and patterning of single wall CNTs [8] , dynamic manipulation and separation of individual semiconducting and metallic nanowires [9] , dynamic patterning of nanoparticles [10] , and manipulation and separation of oil-in-water emulsion droplets [11] . Hence, this new micro/nano manipulation and patterning technique holds excellent potential in terms of realizing parallel fabrication of nano-devices, which is our team's current research interest. In addition, OET devices that generate light-induced AC electroosmosis (ACEO) have been widely used in the manipulation of nanoparticles [12] , dynamic control of local chemical concentration in a fluid [13] , measurement of molecular diffusion coefficient [14] , assembly of 2D colloidal crystals [15] , detection of human tumor markers [16] , and rapid and selective concentration of microparticles [17] . Furthermore, the separation of micro-particles of different diameters using different light colors, light intensities [18, 19] , and widths of virtual line electrodes [19] has also been experimentally validated.
We present in this paper a theoretical formulation on the dependence of the magnitude of ODEP force on: (1) the optical spectrum of the projected image on a photoconductive material; and (2) the applied AC bias waveform across the fluidic medium in an ODEP chip. We note that G. B. Lee's (a co-author of this paper) group has already demonstrated the increase of ODEP force due to different image colors projected onto the surface of an ODEP chip in [18] , however only a qualitative explanation was provided in their prior work. To the best of our knowledge, this paper is the first to present a theoretical model with experimental validation of how the ODEP force varies with the variation of optical spectrum of projected images on ODEP chips. In addition, we will also show theoretically and experimentally that the waveform of the applied AC electric field across the fluid in the ODEP chip will affect the ODEP force magnitude, i.e., higher energy waveforms can induce higher ODEP force.
ODEP Force and Its Dependence on Optical Spectrum and Electric Field Waveform
A three-dimensional view of the geometry of the ODEP chip used in our simulation and experiments is shown in Figure 1(a) . The device consists of a sandwich structure, including a top glass substrate coated with transparent and conductive indium tin oxide (ITO) film that is used as an electrode; a liquid layer containing the objects to be manipulated; and a bottom layer with a thin photoconductive film of a-Si:H deposited onto another ITO glass substrate. Unlike conventional DEP chips, no metal electrodes are required to generate the non-uniform electric field. Instead, the photoconductive a-Si:H film is used to "generate" localized virtual electrodes through its interaction with incident light. That is, when no incident light is present, most of the applied voltage drops across the a-Si:H layer because the a-Si:H has a dark conductivity of 10
S/m. The a-Si:H therefore behaves as an insulator in the dark. When an incident light beam illuminates the a-Si:H layer, the conductivity for the illuminated region of this layer sharply increases by several orders of magnitude because of the photon-generated electron-holes that increase the conductivity of the a-Si:H film. Thus, most of the applied voltage potential is then dropped across the liquid layer, creating a localized virtual electrode and generating a non-uniform electric field. The interaction between the optically-induced non-uniform electric field and objects in the liquid layer generates the DEP force, which is defined as the "ODEP force" in this case. 
The magnitude and directions of the generated ODEP force depend on several physical factors, which are briefly described as follows. The time-averaged DEP force exerted on a sphere in a fluidic medium is given as [20] :
where R is the particle radius, ε m denotes the permittivity of the liquid medium, 
In the above equation, ε* = ε-jσ/ω, where ε and σ are the permittivity and conductivity, respectively; ω = 2πf, where f is the applied voltage frequency across the liquid medium. The subscripts p and m denote the properties of the particle and liquid medium, respectively. The DEP force acting on a particle can be positive or negative, depending on the sign of the real part of the CM factor. For example, when the same ODEP parameters are applied onto a polystyrene bead and a biological cell of equal radius, the DEP force vector exerted on them can be very different (as shown in the simulation results in Figure 1 (b,c), due to their difference in material permittivity and the liquid medium permittivity (i.e., instead of DI water for beads, cells need to reside in specific bio-fluids in order to survive). If a particle is attracted to a region of higher electric field, it is said to be "pulled" by a positive DEP force, whereas if the particle is pushed toward a region of lower electric field, it is said to be "pushed" by a negative DEP force.
Optical Spectrum-Dependent ODEP Force
The absorption coefficient of the a-Si:H is proportional to illumination intensity [21] and also increases non-linearly with increasing incident optical frequency [22] [23] [24] . In addition, under different light colors (i.e., optical spectrum), the a-Si:H exhibits a different response in exciting the generated electron-hole pairs, i.e., the conductivity of the a-Si:H film on the ODEP chip will change as a function of incident optical spectrum. The general dependence of the a-Si:H film's photoconductivity on incident light can be described by the following relationship [25] :
where e is the electron charge (e = 1.6 × 10
C), α represents the absorption coefficient of the a-Si:H, β is the number of the pairs of the excited electron-hole per absorbed photon (β = 1), μ n denotes the mobility of the electron, τ n is the life of the electron (μ n τ n = 10 J·s), and f l is the frequency of light projected onto the a-Si:H film. Hence, from Equation (3) above it is clear that the ratio of (α/f l ) governs the change of conductivity of the a-Si:H film, assuming all other factors in Equation (3) remain constant. By using Equation (3) and averaged experimental data for the absorption coefficient published by others (from [22] [23] [24] ), we have tabulated the change of photoconductivity of the a-Si:H film as a function of incident optical wavelength, and the results are shown in Table 1 . As shown, the film's photoconductivity will increase with decreasing wavelength, i.e., by increasing the optical frequency (from red to green and then to purple color) of incident light onto the a-Si:H film will increase the film's conductivity. Note, in tabulating the results for Table 1 , we used an optical power S = 0.2 mW/cm 2 in Equation (3). This value was measured using an optical power meter (JWD 1000 from Joinwit Optoelectronic Tech. Co. Ltd., China), which was placed at the same location where an ODEP chip typically is positioned (under a microscope lens) during our experimental work. We have also plotted the extracted data of absorption coefficients from [22] [23] [24] , along with the averaged values from these references, in Figure 2 below. This is to show that the general trend of absorption coefficient as a function of optical wavelengths is similar from these references, and hence we chose to use their averaged values in calculating photoconductivity as a function of wavelength. * Note: This averaged value was calculated based the absorption coefficient of a-Si:H at 380 nm from [22] and [24] and at 400 nm from [23] .) Using the values of the photoconductivity from Table 1 , the relationship between ODEP force generated in an ODEP chip and the wavelength of incident light was obtained by finite element method utilizing Comsol, a commercial finite element software. The time-harmonic analysis module, assuming Quasi-static current field with 2D axial symmetry, in Comsol was used to solve Maxwell's equations in the sub-domain of the liquid chamber of the ODEP chip. The simulation geometry and its corresponding boundary settings are the same as those discussed in our prior work in [27] . Figure 3 shows the simulation results for the purple, green, and red incident lights of a "ring" shape geometer. As shown in the figure, the purple incident light can induce a higher DEP force than the red incident light. As discussed earlier, DEP force field exists throughout the liquid medium inside the ODEP chip when a light pattern is projected onto the a-Si:H layer and an AC potential is applied across the liquid medium. However, maximum DEP force is exerted on a particle when the particle is located on the a-Si:H film surface. Figure 3(b) shows the DEP force distribution on a 10 μm polystyrene bead at 5 μm height above the a-Si:H film surface for various projected image colors. The peak value of each curve indicates the location on the projected "ring" image where maximum DEP force occurs. The analysis above is repeated for various colors of visible light.
In general, as shown in Figure 4 , we have found that ODEP force should decrease with increasing projected optical wavelength (or it should increase with increasing optical frequency) following the Fermi-Dirac Function, which validates that the optically-induced dielectrophoresis force depends strongly on the electron-hole carrier generation phenomena in optoelectronic materials. 
Dependence of ODEP Force on AC Electric Field Waveforms
As reported by many research groups (e.g., see [1, 4, 11] ), an AC source with a sine function waveform is typically used to power ODEP devices. In this section, we show that a square waveform can actually increase the optically-induced DEP force in ODEP chips.
As discussed in [27] , the maximum velocity that a particle can be transported by an ODEP 'trap' is related to the Stokes' drag force, i.e., as long as the ODEP force magnitude used to transport a particle is greater the fluidic drag force on the moving particle, then the particle will remain inside a 'ring trap' as conceptually illustrated in Figure 1 ; otherwise, the particle will not remain inside the ring trap and cannot be transported at will in an ODEP chip. Furthermore, since Stokes' drag force is directly proportional to the particle's moving velocity, then the magnitude of ODEP force acting on a particle can be experimentally inferred if the velocity at which the particle 'escapes' the ring trap is measured. We define in this paper the maximum moving velocity above which a particle will escape from the ring trap as the 'maximum velocity' of a moving particle under certain ODEP parameters. The theoretical relationship between this maximum velocity and the applied AC electric field across the fluidic medium in an ODEP chip is presented below. Experimental results that validate this relationship are presented in the next section.
The maximum velocity of a particle due to an ODEP force field can be obtained by balancing the ODEP force and Stokes' drag as discussed in [27] . Stokes' drag formula for estimating the drag force on a particle moving in a fluid of dynamic viscosity η with velocity υ is given as:
Then, Equations (4) to (1) and solving the velocity υ yields the following expression for the critical particle velocity v c at which the ODEP force acting on the particle is equal to the Stokes' drag force. That is, when a particle is manipulated at a velocity higher than the velocity given by Equation (5), an ODEP force field "trap" may become ineffective in moving a particle, i.e., a moving "ring" image cannot manipulate a particle effectively. 
Equation (5) also shows that the maximum velocity at which a particle can be trapped by DEP force is directly related to the value of the applied voltage V across the liquid medium. That is, 2 2 DEP rms rms
Now, the RMS value of any periodical signal can be obtained by the following Equation [28] :
where u indicates the periodic signal, and T represents its cycle. For the square wave, the sine wave and the triangular wave with the same peak-to-peak voltage value of 20 V, and the same frequency of 30 kHz (as plotted in Figure 5(a) ), their RMS values calculated using Equation (7) are 10 V, 10/sqrt(2) V, 10/sqrt(3) V, respectively. Thus, the ratio of the magnitude of maximum velocity generated by the three waveforms is (by substituting (7) into (5) Hence, theoretically, a square wave AC potential across the liquid medium can generate twice the magnitude of DEP force than sine wave AC potential, as shown in Figure 5(b) . (b) Figure 6 shows the voltage distribution on a a-Si:H surface when a ring-shape light pattern is projected onto the surface, while a peak-to-peak voltage of 20 V is applied between the two ITO surfaces of an ODEP chip. The simulation geometry and parameters used to obtain this distribution are the same as those given in Figure 3(a) , and the corresponding boundary settings are the same as those provided in [27] . The simulation result indicates that the voltage is higher at the edge of the ring and ~0 V at the inner part of the virtual electrode (i.e., "ring trap"). We note here that there are several AC related electrokinetic phenomena in an ODEP device, including the DEP force, light-induced electrothermal effect (LIET) [29] , and ACEO. In addition, other physical phenomena such as Brownian motion [30] and buoyancy force [29] may also affect the motion of particles and fluid in an ODEP chip. When we select a specific frequency for the AC voltage potential between the two ITO surfaces of an ODEP chip to manipulate micro/nano particles, one of the above mentioned AC electrokinetic phenomena may dominate the manipulation process. Thus, ODEP-based manipulation has the additional advantage of being AC voltage frequency dependent, thereby offering an additional degree of freedom for trapping, manipulating, sorting, separating, and concentrating particles in micro/nano fluidic systems. For this study, the numerical solution for several electrokinetic phenomena (i.e., LIET and ACEO) were obtained using Comsol and MATLAB, with the same simulation parameters as those in [31] , except that a liquid conductivity of 9 × 10
S/m and a V p-p of 20 V were used to reflect the experimental conditions that will be discussed in Section 3. Figure 7 shows the results of electrokinetics analysis for a 10 μm polystyrene bead, which indicates that DEP force dominates the micro-manipulation process when the applied frequency is higher than ~15 kHz (given the conditions stated above). This is why we have used an AC frequency of 30 kHz in our experiments (as will be discussed in Section 3) and in simulation parameters in Figures 1 and 3, i. e., to ensure that dielectrophoresis is the main electrokinetic phenomenon governing the motion of the particles. Electrokinetics analysis for a 10 μm polystyrene bead, which shows that the DEP force dominates the micro-manipulation process when the applied frequency is higher than ~15 kHz. Here, we have assume deionized water is the liquid medium at room temperature, with k = 0.6 J·m
, and ∂ρ m /∂T/ρ m = 10
Experimental Results

ODEP Force Dependence on AC Waveforms
We have performed several experiments using the ring-shape light pattern as a virtual electrode (as illustrated in Figure 3(a) ), and successfully generated ODEP force to manipulate a single 10 μm polystyrene bead utilizing the square wave, sine wave, and triangular wave to power the ODEP chip (Figure 8(a-c) ). Initially, the light pattern was projected onto the photoconductive layer through an objective lens attached to a projector, and no voltage potential was applied across the liquid medium (e.g., Figure 8a(i) ). When an external square wave AC voltage potential with a peak-to-peak value of 20 V is applied, and the stage on which the ODEP chip is placed moves at a velocity of 50 μm/s, the bead can be trapped and moved along with the stage velocity (Figure 8a(ii) ). As long as the stage velocity is below the velocity at which the Stokes' drag force is equal to the induced DEP force, the bead remains trapped in the ring (i.e., as shown in Figure 8a(iii) , where the velocity is 250 μm/s). When the velocity of the stage exceeds 260 μm/s, the bead remains behind the ring, i.e., it becomes "untrapped" (Figure 8a(iv) ; repeated experiments for the experimental configuration as shown in Figure 8 (a) indicate that 260 μm/s is the maximum velocity at which the bead becomes "untrapped"). The experimental process using the sine wave and triangular wave AC potential to power the ODEP chip is the same as the above described process, and the maximum velocities for the sine wave and triangular waves are 140 and 85 μm/s, respectively. These experiments show that the ratio of the maximum velocity for the manipulation of a single polystyrene bead utilizing the square wave, sine wave, and triangular wave, respectively, is 6.1:3.3:2, which is similar to the theoretical results predicted by Equation (8) Figure 9 (a,b) shows the experimental results which confirm the theoretical prediction that higher frequency optical colors generate higher ODEP force in an ODEP chip (Figure 3(b) ). The experimental processes shown in Figure 9 (a,b) are similar. We take Figure 9 (a) as an example to describe the experimental details. A green color ring was used as the external and stationary ring, while a purple color ring was used as an inner and moving ring. Both rings had equal width. These ring images were projected onto the photoconductive layer through an objective lens attached to a projector, and no voltage potential was initially applied across the liquid medium (Figure 9a(i) ). Note that the purple color ring images were enhanced manually as the color filter and optical refraction of our microscope blur any non-green colors, i.e., only green rings are shown clearly in our ODEP microscope system. Then, a square wave AC bias voltage was switched on and the purple ring was continuously stretched outward. Experimentally, the 10 μm polystyrene beads were observed to be pushed toward the inner edge of the green ring, as shown in Figure 9a (ii). The beads stayed between the gap of the two rings when the distance of the gap is equal to or greater than the diameter of the beads (Figure 9a(iii) ). Then, as the purple ring was further stretched to decrease the gap size, the beads were pushed through the green ring (Figure 9a(iv) ), indicating that the ODEP force generated by the purple color ring is higher than that generated by the green color ring. Furthermore, the experimental results in Figure 9 (b) indicate that the ODEP force induced by the green color is higher than that induced by the red color. These experimental observations qualitatively validate the theoretical prediction that higher frequency colors induce higher ODEP force. showing that the magnitude of the ODEP force induced by a purple color ring is higher than that induced by a green color ring. (i): A purple color ring (as an inner and moving ring) and a green color ring (outer and stationary ring) were projected onto the ODEP chip and no bias voltage was applied; (ii): Bias voltage was switched on (20 V p-p , 30 kHz, square wave) and the purple ring was continuously enlarged. Then, the 10 μm polystyrene beads were pushed toward the inner edge of the green ring; (iii): The beads stayed between the gap of the two rings when the gap was equal to or greater than the diameter of the beads; iv: The purple ring continues to expand and pushes the bead through the green ring; (b) Experimental results for green and red rings using the process as described in (a). The experimental results confirm that higher frequency light colors can generate higher magnitude ODEP force. Note that the color ring images were enhanced manually as color filtering and optical refraction blurs any non-green colors, i.e., only green rings are shown clearly in our ODEP microscope system. 
ODEP Force Dependence on Light Spectrum
Conclusions
In this paper, two important factors that affect the magnitude of the DEP force generated in an ODEP chip are discussed and analyzed both theoretically and experimentally. The effects of AC potential waveforms across the liquid medium of an ODEP chip were analytically determined. Moreover, the effects of the optical spectrum of the projected image on the a-Si:H layer on an ODEP chip were obtained numerically utilizing the finite element software Comsol. Analytical results indicate that an AC square waveform potential applied across an ODEP chip can produce twice the magnitude of DEP force in an ODEP chip as compared to a sine waveform. Numerical results indicate that the maximum DEP force generated on an ODEP chip decreases with increasing optical wavelength of the projected image on the a-Si:H layer. This decreasing trend closely follows the Fermi-Dirac function. Both of these theoretical results were validated by experimental results, which are also presented in this paper.
